The piezoresistive response of copper and nickel particles reinforced polydimethylsiloxane (PDMS) polymer, forming metal-polymer composites were investigated under uniaxial pressure. Electrical and mechanical properties of composite samples containing Cu and Ni conductive fillers at different loadings in polydimethylsiloxane (PDMS) polymer matrix have been presented here. Well-dispersed metal-polymer composites were fabricated by a wet mixing route. The resulting Cu-PDMS and Ni-PDMS composite samples show the resistivity changes by more than 2 and 10 orders of magnitude around 4MPa pressure, respectively. The mechanical tests have shown that these composite samples have high stress sensitivity which makes them good piezoresistive candidates for practical applications.
Introduction
In the last few decades, composites based on conducting fillers incorporated in the insulator matrices have been a focus of research (Tognana et al., 2009; Canavese et al., 2012; Abyaneh et al., 2006 Abyaneh et al., , 2007 . Different metal and semiconductor fillers reinforced into the insulators can enhance the electrical conductivity of the host materials are now widely used in circuit breakers, electromagnetic shielding, electrical heating, antistatic devices, etc. (Jeong et al., 2009; Al-saleh et al., 2009; Fosbury et al., 2003; Krupa et al., 2007) . It is also possible that composites made of conductive fillers embedded in insulator host matrix undergo a transition from insulating to conductive regime by varying some chemical or physical parameters; like temperature changes, applied pressure, gas absorption, current or magnetic field (Heaney, 1996; Beruto et al., 2005; Chen et al., 2004; Bendark, 2002) . Among the various composites, metal-polymer composites have attracted great interest. These composites have found a growing demand for their multifunctionality and application as sensors and offering cost effectiveness, flexibility, lightweight, etc. (Delmonte, 1989) .
Some of the metal-polymer composites can be used as pressure sensors and their sensing ability is based on piezoresistivity defined as the response of electrical resistivity to an external deformation. Starting from an insulating state, by increasing the pressure on the samples, the adjacent particles in close proximity favor the tunneling process. Higher compression leads to the formation of more percolation paths through the samples and results into a conductor-like behavior.
In this paper, we report the fabrication of Cu and Ni particles reinforced into the PDMS polymer medium with a wet chemical route. Composite samples are made with different concentration and their piezoresistance behavior is investigated at room temperature under uniaxial pressure. The Cu and Ni-PDMS composite samples show the resistivity changes by more than 2 and 10 orders of magnitude around 4MPa pressure, respectively. The mechanical property of the samples is studied and their stress-strain curves are measured and the strain sensitivity of the composite samples is evaluated. It is shown that the Ni-PDMS samples have high strain sensitivity and are good candidates for practical applications.
Experimental

Materials and Samples Preparation
The composite samples were prepared by mixing the filler and polymer in solution as the following (Figure 1(a) ). All chemicals were used as they were received. The given amounts of copper or nickel particles (Thomas Baker; India, LR grade) were mixed with chloroform (Thomas Baker; India, AR grade) to wet the particles completely. The PDMS (Dow Corning, SYLGARD 184) consists of the "elastomer" (viscous liquid) and "hardener" (liquid). Elastomer and hardener are used in 10:1 weight ratio in these experiments. PDMS is an elastic polymer which is transparent and highly insulating (~1.2x10 14 -cm) with dielectric constant ~2.65. The elastomer was added to the copper or nickel solution and mixed thoroughly to form a homogeneous solution. The resulting solutions were heated to ~60 o C so that the solvent evaporated completely. When cooled down to room temperature, hardener was added to the viscous solution and degassed under vacuum for 1 hour. The heat curing of the mixture was made inside a Teflon mould at 80 o C for 20 hrs. To obtain different concentration of copper or nickel, we simply change the initial amount of metal powders. The samples were later cut into 5 x 5 x 2 mm 3 size for pressure-resistivity measurements, mechanical tests and other characterizations.
Characterization and Instrumentation
Scanning electron microscope (SEM) images and energy dispersive data were recorded using a JEOL JSM -6360A microscope with 10 kV operating voltage.
The DC electrical resistivity measurements of all the samples were carried out at room temperature using two-probe technique. The schematic diagram in Figure 1(b) shows the set-up used for piezoresistance measurements under uniaxial pressure. A Keithley 238 source measure unit was used for I-V measurements which provides a driven guard for output and sense probes to eliminate the effect of leakage current in high resistance measurements. The current range is 1A to 10 -4 nA and voltage range is 110 V down to 100 V. The current was kept fixed and applied in the direction parallel to the applied uniaxial pressure and voltages were measured at different applied pressures. The copper plates were used as electrodes and silver paste contacts were made on the samples to ensure a good electrical contact of the Cu plate with the samples. The uniaxial pressure was mechanically applied to the samples during the resistivity measurements using a homemade instrument and pressure was measured using a digital force gauge. The instrument consists of a sample holder, a coarse screw, a fine screw and a force gauge. The sample holder is placed on the gear box of the fine screw. Pressure gauge is attached to the coarse screw. The sample can be compressed between the course screw head and the sample plate holder. Fine pressure adjustment on the sample is effected using the fine screw. 
Electron Microscopy
First, we look into the structure and morphology of the prepared metal-polymer composites. Figure 2 
show the scanning electron microscopy (SEM) images of 75.0% Cu-PDMS and 83.0% Ni-PDMS composite samples, respectively. The SEM images exhibit that the particles are well wrapped with PDMS polymer and dispersed properly in the medium. This is a direct result of the solution mixing method used for preparation of the composite samples. The size distribution of the metal particles in both composites is broad and covers the range of ~0.1 m to ~50 m, but population of smaller particles in the Ni-PDMS composites is bigger than that of the Cu-PDMS composites. 
Piezoresistivity Measurements
It is expected that by compressing the composites containing conductive fillers embedded in insulating matrix, the adjacent filler particles would come closer and the resistance would decrease. This is known as "piezoresistance effect". Various materials have been used as conductive fillers in some insulating polymers and elastomers, like carbon nanotubes, carbon black, graphite flakes and fibers, iron oxide particles etc. (Gau et al., 2009; Qu et al., 2007; Carmona et al., 1987; Hussain et al., 2001; Carlson et al., 2006; Ramajo et al., 2009 ). Many groups have reported the piezoresistivity of metal-polymer composites. Ausanio et al., 2006 , have investigated the piezoresistivity of nickel-silicon type elastomer (Universal 5 or Essil 244) composites under uniaxial strain. They have reported that the composites can switch from insulating to conducting state accompanied by resistivity change of ~ 9 orders of magnitude. This can happen at pressure of ~ 0.5 or 1.5 MPa with a little increment (2%) of the relative deformation for different elastomers. Kchit et al., 2008 , have studied the piezoresistivity of magnetorheological elastomers which are made by aligning nickel particles inside a silicon base polymer using a magnetic field before the curing process has started. They have shown seven orders of magnitude decrease from the initial resistivity (~10 8 .cm) under applied uniaxial pressure of around 0.3 MPa for composites with 30% volume fraction. Bloor et al., 2005 and , have reported as large as ~10
14 fold decrease at ~ 80% compression in the resistance of QTC TM samples made of nickel particles in some elastomer polymers using a patented route. They suggest that the extreme sensitivity of the resistance of QTC TM samples to any mechanical deformation is due to the sharp surface protrusions of the filler particles. Recently, we have shown that the resistance changes of approximately 7 orders of magnitude can be achieved in zinc-PDMS composites under the uniaxial pressure of ~ 4 MPa (Abyaneh et al., 2008) . Mechanical behavior of the composites was investigated and it was shown that the Zn-PDMS composites exhibit reversible behavior even after many cycles of compression and decompression, indicating the excellent performance of Zn-PDMS composites as pressure sensors. We have made copper and nickel composites using solution mixing and investigated their electrical resistivity under uniaxial pressure. Figure 3 1, No. 3; PDMS (~10 14 -cm) but still falls in the insulating regime. This means that metal particles are sufficiently separated in the PDMS medium even for filler to polymer weight ratio up to 86.0 %. The insulator behavior of the uncompressed samples is due to the well rapped particles in the polymer matrix which prevents them from forming any conducting paths. Figure 3 . Resistivity of (a) Cu-PDMS and (b) Ni-PDMS composite samples respect to applied uniaxial pressure As can be noticed from the figures, the samples lower than 75% filler to polymer weight ratio do not exhibit any changes in the resistivity with applied pressure. The applied pressure range, used in these experiments is 0-4 MPa which is operating range of force gauge in our instrument. The 75% Cu-PDMS shows small change in resistivity at ~ 4.0 MPa and 75% Ni-PDMS start showing resistivity change at ~ 2.0 MPa. The samples greater than 75% filler to polymer weight ratio starts showing more resistivity changes. As the weight percentage of metal particles is increased, the orders of magnitude changes in the resistivity have occurred. The resistivity of 86.0% Cu-PDMS decreased by ~2 orders of magnitude and reached minimum to 1.1x10 8 -cm (The resistivity of pure copper is ~1.7x10 -6 -cm). The maximum change in resistivity occurs for 86.0% Ni-PDMS sample that decreased by ~10 orders of magnitude over a narrow uniaxial pressure range and reached to 0.4x10 1 -cm (The resistivity of pure nickel is ~7x10 -6 -cm). Such a small change in the resistivity for Cu-PDMS samples with respect to the Ni-PDMS samples with the same filler concentration, may be due to the thick oxide layer on the copper particles. It is shown that at room temperature, the oxidation of Nickel (Braaten et al., 1988) proceeds at a much slower rate than Copper (Platzman et al., 2008) . Oxidation rate of both metals can be approximated by a logarithmic growth. When the oxide layer reaches a critical thickness, the oxidation rate attenuates due to the limiting of the electron tunnel current through the oxide film. The critical oxide layer thickness for Ni is at least 10 times smaller than Cu which can be estimated by comparing the experimental results for formation of oxide layers obtained by Braaten et al. (1988) and Platzman et al. (2008) using XPS measurements. We also have been measured the I-V curve for the composite samples at different compression. Uncompressed and highly compressed composites show ohmic behavior while they show highly nonlinear behavior in the intermediate region. The nonlinear behavior at the transition region appears as exponential decrease in resistivity graphs. The exponential behavior of the resistivity versus uniaxial pressure indicates that major conduction mechanism is that of tunneling (Abyaneh et al., 2008; Dawson et al., 1996) .
Mechanical Properties
In the following, we have investigated the mechanical properties of cu-PDMS and Ni-PDMS composites which may play the main roles in their practical application (Martin et al., 2007; Xia et al., 2006) . concentrations, respectively. The Young's moduli have been determined from the slope of the plot of stress versus strain in the linear region. From these curves, one may easily observe that by increasing the metal powder concentration in PDMS polymer, the slopes of the curves have been increased. In other words, the lower concentrated composites are softer than the higher thereby giving rise to larger deflections for a given load. The fractional change in resistance per unit applied strain called the gauge factor (), exhibits the strain sensitivity of a piezoresistive material and is a figure of merit for sensors. More strain sensitive materials have larger gauge factor. The gauge factor is defined as (Morten et al., 1979) :
where R is electrical resistance and  is strain. If we consider an isotropic film and the uniaxial compression applies along the thickness of the sample parallel to the current then we can write (Abyaneh et al., 2008) ,
where
, is the piezoresistivity coefficient and is the Poisson's ratio of the sample.
The piezoresistivity coefficient can be determined from the gradient of graphs in which the logarithm of resistivity is plotted as a function of strain. The gradient varied from -45 to -85 for Cu-PDMS with different concentration and the value of gauge factor is very low for any practical application. The slope for all Ni-PDMS curves is 600  G . Using Equation (2) and considering Poisson's ratio with value of ~ 0.35 for polymer composites we obtain 180  Γ , which is higher than that reported for QTC TM materials (~105) (Bloor et al., 2006) and comparable to Au-coated Ni-epoxy composites (~200) (Martin et al., 2003) . The gauge factor of Ni-PDMS is a characteristic parameter for this composite and does not change by concentration. There are many theoretical equations which are proposed for the evolution of elastic modulus of the composites as a function of filler volume fraction. The simplest one is the Einstein's Equation (3) which is valid for dilute spherical particles in a Newtonian fluid with perfect adhesion between phases (Einstein, 1905) .
where E c and E m are Young's modulii of composite material and of the polymer matrix, respectively.  f is volume fraction of filler. The Thomas Equation (4) is a semi-theoretical equation that is based on monodispersed fillers and is valid for concentrated composites (Thomas, 1965 
The Quemada Equation (5) is on the basis of particles' interactions and their different morphologies (Quemada, 1977) .
K is a variable coefficient. Mooney has proposed Equation (6) which is for concentrated composites.
The constant L is defined as crowding factor and predicted to be between 1.35 and 1.91 for the closed packing of monodisperse particles (Mooney, 1951) . These equations are plotted in Figure 6 along with experimental data for Ni-PDMS composite samples. It seems that the Mooney equation is more close to experimental data. The Mooney's equation is an extension of the Enstein's equation applied for finite concentration and polydisperse system. The expected discrepancies are mainly due to the fact that the filler particles are not spherical and do not have perfect adhesion with their surrounding matrix. 
Conclusions
In summary, Cu-PDMS and Ni-PDMS composite samples were fabricated by mixing the metal filler and nonconducting polymer using a wet chemical method. The synthesis process can be easily extended to the screen printing or some other thick film deposition for batch synthesis.The piezoresistive behavior of the composite samples was investigated under uniaxial pressure at room temperature. The higher metal concentration of Ni-PDMS composites shows the resistivity changes by ~ 10 orders of magnitude. Undeformed and highly compressed composites show ohmic behavior while they show highly nonlinear behavior in the intermediate region.
An extremely large gauge factor of 180 has been found for Ni-PDMS composites independent of the concentration of the fillers. Thus the performance of Ni-PDMS composites as pressure sensors is excellent and can find potential applications as flexible tactile sensors with large-area area in various field like robotics, biomechanics, etc. It is necessary to investigate the effect of size and shape along with size dependent mechanical effects on pressure dependent resistivity.
